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NOMENCLATURE
N

Diameter

Characteristic length of chamber (free volume divided.by
nczzle throat area)

Dimensionless mean gas velocity

Temperature

Temperature perturbation

Acoustic wave velocity; constant in GDF theory
Constant in GDF theory

Constant in steady-state burning law, r = cpn

: . n
Pressure exponent in steady-state burning rate law, r = cp ,
also acoustic wave mode number

Pressure

Pressure perturbation

Burning rate

Dimensionless displac;ment

Phagse between pressure and reference plane temperature

Ratio of maximum pressure perturbation to mean pressure

Isentropicity parameter (e, = 1 for isentropic processes,
€p = 0 for isothermal processes)

Characteristic time to burn through a particle

Phase between pressure and emergence of element of gas f»om
the combustion zone
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1., INTRODUCTION

The research described in this report is part of a continuing pro-
gram (Ref. 1 and 2) of investigation of the processes involved in acous-
tic and nonacoustic lowafrequency combustion instability behavior of
solid=propellant rocket motors and in various aspects of steady-state
conbustion believed to be related to combustion instability. Accompany=-
ing work on the deflagration of ammonium perchlorate has been recently
reported (Ref. 3).

This report is divided into three parts. The first part gives the
strand burning rates of the various propellants used in the combustion
instability studies, compares the results with the granular diffusion
flame theory, and points out the need for a more thorough examination of
the burning-rate—pressure relationship assumed for the mathematical models
of combustion instability. The second part presents additional experi-
mental data on nonacoustic instability for propellants using a carboxy=-
terminated polybutadiene binder; these data like those obtained from
polyurethane binder propellants~6Refr—i~and“2§ also deviate from the one-
dimensional theory. The third part of the report presents an extended
mathematical cescription of nonisentropic behavior in the T-burner and
compares experimental observations of the gas moticn and temperature
with theoretical predictions.{ — _ -,

R

2, STEADY-STATE COMBUSTION

2.1 INTRODUCTION

Knowledge of the pressure dependence of the burning rate of a solid
propellant is necessary in order to make predictions of the combustion
stability using currently available theories. To obtain this information
for the nropellants being used in the combustion instability studies and
to perhaps gain further insight into the steady-state~-combustion proce
esses cf composite propellants, a detailed determination of the strand
burning rate of these preopellants was made, This section presents the
data for two classes of propellants: a series of ammonium perchlorate
(AP)and polyurethane (PU) propellants, and a series composed of AP and

carboxy~terminated polybutadiene (CTPB). The formulations tested are
given in Table 2.1,




NWC TP 4565 ¢

TABLE 2.1, Composition of Research Propellants
Ingredients and weight percent

Propellant

designation | Ammonium Perchlorate Binder Other
A=1k6 37.5% 154 | 37.5% 80n | 25% polyurethane vese
A=148 37.0% 154 | 37.0% 200u | 25% polyurethane| 1% carbon black
A=1k9 37.0% 90u | 37.0% 600u { 25% polyurethane| 1% carbon black
A-151 37.0% U45Su | 37.0% 200u | 25% polyurethane | 1% carbon black
A=155 37.0% USp | 37.0% hoou | 25% polyurethane | 1% carbon black
A=156 51.8% 15u | 22,2% 200u | 25% polyurethane ( 1% carbon black
A=157 22.2% 15u | 51,8% 200u { 25% po.yurethane [ 1% carbon black
A-158 37.2% 90u | 37.5% 600 | 25% polyurethane
A=159 36,0% 15k | 36.0% 200p | 25% polyurethane | 1% carbon black

1% n<butyl
ferrocene
A=160 36,0% bL5p | 36.0% LoOu | 25% polyurethane | 1% carbon black
1% n=butyl
ferrocene

A=167 37.0% 15u | 37.C% 80u | 25% CTPB 1% carbon black
A-168 37.0% 15u | 37.0% 200k | 25%  orpB 1% oarbon black
A=169 37.0% 90u | 37.0% 600p | 25% CTPB 1% carbon black
A=170 37.0% U5 | 37.0% 200u | 25%  CTPB 1% carbon black
A=1T1 37.0% 45y | 37.0% boou | 25%  CTPB 1% carbon black
A=1T2 51.,8% 15u { 22,2% 200u | 25%  CTPB 1% carbon black

2.2 EXPERIMENTAL TECHNIQUES

The samples used were 1/4~ by 1/h= by 2-inch strands and were mounted
in the combustion bomb (Ref, 1) and ignited by a 10-mil heated Nichrome

vire,

Two different systems were used to detect the regressing surface:

the conventional fuze wire approach (Fig. 2.1la) and a technique, developed
at this Center, which optically detects the burning surface (Fig. 2,1b),
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FIG, 2,1, Burning Rate Apparatus, (a) Conventional
strand burner, (b) NWC photodiode devicea,

This new apparatus utilizes photodiodes placed behind slit apertures to
detect light emission as the burning surface passes the aperture. This
technique has the advantages of (1) presenting no discontinuities (fuze
wires, thermocouples, etc.) to the combustion front, {2) requiring no
inhibiting of the samples, and (3) being able to detect a burning surface
which is not normal to the strand axis, Data obtained from these two
methods are in good agreement; further comparison with the rate calcue
lated from high speed cinephotomicrography indicates ti.at the photodiode
method gives a rate slightly more consistent with that s»tained from the
motion pictures.

2.3 RESULTS AND DISCUSSION

The burning-rate curves are presented for the PU propellants (Fig., 2.2-
2,11) and the CTPB propellants (Fig. 2.12-2.17). Each data point repre-
sents one burning rate test, In looking first at the combined plot
(Fig., 2.2) which gives most of the burning rates for the polyurethanes,
several features are discernible. The first observation is that many of
these propellants extinguish at high pressures,! The reason for this
extinguishment is thought to be due to two conditions: (1) the posi-
tion of the oxidizer particles relative to the binder surface as a

lrne spproximate upper deflagration limit is dencted by x in Fig. 2.2,
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for Propellant A-1L6,
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function of pressure, and (2) the meltability of the binder. It has
been observed (Ref. 4) that at low pressures (p < 600 psia) the regres-
sion rate of the binder was higher than the oxidizer particles but at
higher pressures (p > 800 psi) the opposite was found to be true, There-
fore, an extinguishment mechanism may be formulated to account for the
high pressure extinguishment of polyurethane propellants; at low pres=
sures the oxidizer is above the binder so that the meltability of the
binder has little effect but when the regression rate of binder and cxi-
dizer are about equal, the molten binder may wet and cover the oxidizer
particles., Such behavior could cause extinguishment and this nypothesis
is currently being investigated using cinephotomicrography and scanning
electron microscope (SEM) examination of quenched samples.
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FIG. 2,11, Burning Rate Curve
for Propellant A-160,

The trend of higher burning rates for propellants having smaller
oxidizer particles (Ref. S)is apparent when the curves for propellants
A=146 (15- and 90-micron AP particies) and A-148 (15- and 200-micron AP
rarticles) are compared with the A-149 (90- and 600-micron AP} and A=-155
(45= and 400-micron AP) propellants. The study of quenched propellant

samples using the SEM may suggest the mechanism for this well recognized
observation,

The data for propellant A-160 (Fig, 2.1il) show that often the plateau
and mesa-burning-rate characteristics can be sltered by additives as well
a8 by AP~particle-size chenges,
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for Propellant A-1T1.

The type of binder also influences the shape of the burning-rate
curve as seen when Fig, 2.2 and 2.12 are compared. The CTPB propellants
do not exhibit *he mesa characteristic and extinguishment behavior as
did the polyurethene propellants, A simple slow heating rate test used
by Steinz, et al, (Ref., 6) showed that polyurethane liquifies at low
temperatures (T > 150°C) whereas CTEB gasifies without melting, Prelimi=-
nary results indicate that the same behavior may also occur when the
binders are subjected to the high heating rates which occur during com-
bustion, Quenched samples of CTPB propellants will also be subjected to
examination using the SEMj; the object will be to ascertain if the pro=-
pellant burns with a dry binder surface.
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2.4 COMPARISON WITH ANALYTICAL MODELS

A number of analytical models have been proposed for steady-state
burning of solid propellants (Ref, 5-T, see also references cited in
Ref, 6)., Of these, the granular diffusion flame (GDF) model of Summer-
field, et al,, (Ref, 8) seems to provide the best correlation of the
ammonium perchlorate propellant data. Although the model is not devel-
oped from a fundamental, analytical representaticn of the three dimen-
sional details of the combustion zone (no conservation laws are used),
its authors claim to have originated the correct physical-chemical model
(Ref., 6) which correlates most of the experimental burning rate data.
These claims have been progressively qualified by recognition that the
model only applies to a certain range of propellant formulations (re~
ferred to as "normal" propellants). By such a definition of normajcy,
many ine-service propellants have been excluded from the class of ".ormal"
propellants for processing characteristics such as: (1) a relatively
high fuel to oxidizer ratio, (2) a coarse oxidizer particle size (d > 250
microns), (3) a "meltable" binder. The burning rates of propellants
which have a bimodul oxidiz2r perticle size distribution (discussed below)
indicate that the GDF model also does not adequately represent the effect
of oxidizer particle size distribution.

The GDF model predicts that the burning ra}e will be related to pres=
sure according to the expression p/r = a + bp2 3, where a is a function
primarily of thermochemical properties of the propellant and b is prima-
rily a function of oxidizer particle size. This expression predicts that
plots of p/r vs p2/3 will be straight lines, with a single value of the
intercept a for a given chemical compositios of propellant. Thus the
plots of data for any series of propellants having equal amounts of iden~
tical binder, the same percent of ammonium perchlorate, and equal amounts
of identical additives, should be a series of straight lines, which may
have different slopes but which have the same p/r intercept. Results of
the present studies are replotted in Fig. 2.18 and 2.19 as p/r vs p2/3.

The results in Fig. 2.18 for the polyurethane propellants obviously
are not in accord with the GDF model, Since the polyurethane binder is
belicved to melt at the burning surface, it would be classed by the au-
thors of the GDF model as "abnormal," although it is in extensive use in
service rockets, At the present time there seems to be no analytical
model that correlates the behavior of these propellants.,

e T

The CTPB propellants used in this investigation conform to the cur-
rently stated definition of "normal" propellants for the GDF model, with
the possible exception in one instance of an upper limit on oxidizer
particle size (formulation A-169). The degree of cor-elation by the GDF
model is much better than in the case of the polyurethane propellant,
although the remaining discrepancies merit note. In particular, there
are important (for the practical use of propellants) detailed deviations =
of the burning rate from the straight line p/r vs p / correlation, which
vary according to the combinations of couarse and fine AP in the bimecdal
mix.
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Values of & and b calculated from least squares fits to a straight
line of the various sets of CTPB data are shown in the table below.

Propellant a b
A-168 52.8 37.6
A=1T0 58,8 40.8
A-1T1 131.6 k5,2

As can be seen, there is considerable variation in the value of the inter=
cept & as a function of particle size combinations (even when A-169 is
excluded), even though & is supposed to depend only on chemical compo-
sition. The trend of the diffusion time parameter b does conform quali=-
tatively to that predicted by the GDF model, although there is scme
ambiguity arising from proper definition of effective purticle size
relevant to this parameter,

2.5 CONCLUSIONS AND IMPLICATIONS FOR FUTURE WORK

1, Mesa burning rate curves and extinguishment at high pressures
were observed with polyurethane binders, observations that may be of
both practical and fundamental importance. This behavior may be due to
a fluid nature of the binder at the burning surface, a point that will
be explored furcvher in future work by photographic and SEM techniques.

2. HNo analytical model accurately predicts the dependence of burning
rate on pressure for the polyurethane-class of propellants.

3. The dependence of burning rate on pressure with the CTPB propel-
lants was correlated roughly by the GDF model, but with sume discrepancies
of qualitative importance. The disagreement is related to the particle
size distribution, an attribute of the propellant not embodied in exist-
ing analytical models.,

L, In view of the complicated dependence of r on p observed in the
present work, indiscriminate use of burning rate rules such as r = cp®
or r = a + bp2/3 is unwise, In particular, the use of r = cp® in the
several perturbation models for solid propellant combustion must lead
to some misrepresentation of the pressure dependence of the response
function,
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3. NONACOUSTIC COMBUSTION INSTABILITY

3.1 INTRODUCTION

The typical composite propellant is composed of a heterogeneous mixe
ture of a sclid oxidizer, polymeric fuel, and often a metallic additive.
Because the mathematics involved in describing the combustion dynamics of
such a heterogeneous mixture are quite complex, the assumptions of a one~
dimensional combustion zone and a homogeneous solid are often made in
order to make the problem tractable., This disregard for the heteroge=
neity of the propellant combustion zone is a valid assumption as long as
the thermal-wave thickness is considerably larger than th~ ‘ndividual ine
gredient size (i,e., oxidizer or fuel pocket size).

Since the thermalewave thickness is often of the same order as the
individual ingredient sizes for conventional composite propellants, it
might be expected that the propellant heterogeneity could cause a no=-
ticeable deviation of experimental data from the one-dimensional theory.
Therefore, a program was initiated to qualitatively assess what effects
oxidizer particle size and binder type have on nonacoustic instability
(NAI) behavior, Two series of propellants were formulated using ammcnium
perchlorate (AP) and either polyurethane (PU) or carboxy-terminated poly-
butadiene (CTPB) binder, The AP was carefully screened and the resulting
15=, 45=, 90=, 200~, 40O~ and 600-micron~diameter particles were mixed
with the binders to produce the propellants described in Table 2.1.

These propellants were fired in the L*¥~burner at this Center. The data
for the PU=-AP propelilants were presented in Ref, 1 and 2.

3.2 LAYER=FREQUENCY CONCEPT

A preliminary concept, called the layer-frequency concept, was also
described in Ref, 1 and 2. This layer~frequency concept pictured a pro=
pellant as layers of oxidizer particles stacked one on top of another
and surrounded by binder. The characteristic time to burn through an
oxidizer particle would be the diameter of the particle divided by the
mean burning rate, i.e. T = D/r; this time would be repeated at a fre-
quency of one cycle per particle within the stack, These minute pulsa-
tions, if in phase with one another over a part of the burning surface,
could produce pressure oscillations having a frequency of f = 1/t = r/D.

The data presented in Ref. 1 and 2 indicated that when the thermal=-
wave thickness was on the order of the oxidizer particle size the one-
dimensional analysis did not agree with the instability observed., Insteau
the data tended toward the higher frequencies as indicated by the layer=
frequency concept., The concept of the layer frequency was also strengthe-
ened when two frequencies for the same run were observed as would be ex-
pected for propellants having a bimodal blend of oxidizer particle sizes.

The layer-frequency computational scheme did therefore provide some
insight into NAI.
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3.3 RECENT EXPERIMENTAL RESULTS

The data obtained with the CTPB-AP propellants are presented in this
section, Before discussing these data a few qualitative remarks compare
ing the oscillatory behavior of the PU=-AP and the CTPB~AP propellants
should be made, Thz CTPB=-AP propellants produced more severe oscillations
than did the propellants having the polyurethane binder; i.e., the ampli-
tude of oscillations was greater for the CTPB propellants. Not only were
the oscillations more severe but they were also "cleaner" and of longer
duration, which made the determination of growth constants (Appendix A)
legs subject to errors.

From the discussions in Ref. 1 and 2 the greatest drparture from one=-
dimensional theory would be expected at high values of burning rate
(smaller thermal-wave thickness) and for large oxidizer particle sizes.
This general trend with burning rate is illustrated by the data plotied
in Fig., 3.1 and tabulated in Appendix A. The shaded parabolic band re-
presents the predictions of one-dimensional theory; it is at the higher
values of burning rate, r > 0,11 in/sec, that the data deviate most sig-
nificantly from this band, At the lower values of burning rate the ex=~
perimental data agree moderately well with the predictions of one=-
dimensional analysis.
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FIG., 3.1, Nonacoustic Combustion Instability Data for Three '

Carboxy-Terminated Polybutadiene~-Ammonium Perchlorate Propellants.
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Figure 3.2 presents the data for propellant A-167 which had 15- and
90emicron cxidizer particles. The most significant deviation from the
one-dimensional analysis occurs for burning rates above 0.12 in/sec; the
thermal-wave thickness for this rate is approximately 32 microns.

Propellant A=-168 (Fig., 3.3) with 15- and 200~micron particles devie
ates from the parabolic band for rates above 0,11 in/sec; the correspond-
ing thermal-wave thickness is 40 microns. Also, propellant A-170 (Fig.
3.4) with k5~ and 200-micron particles also deviates from the parabolic
band for rates above 0.08 in/sec with a corresponding thermal-wave thicke
negss of 55 microns,
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3.4, oUMMARY AND IMPLICATIONS FOR FUTURE WORK

The results of this study indicate that one-dimensional analyses
cannot be applied indiscriminately to combustion instability in the lowe
frequency regime (f ~ 200 cps and lower), When conditions are such that
the thermal-wave thickness is approximately equal to oxidizer particle
size, the physical size of the oxidizer is a contributing (and possibly
a dominating) factor of combustion instability. How this interaction of
the thermal wave and oxidizer affects the response function of the pro=

peilant is presently being assessed, The simple layer~frequency concept
also appears to be inadequate,

Additional L* tests are being run with other CTPB-AP propellants.
Iv is hoped that future data together with data already gathered will
provide a basis for a more rigorous analysis to be made.

I, ACOUSTIC COMBUSTION INSTABILITY

In describing the transient processes involved in unstable combuse
tion, various assumptions regarding combustion and flow behavior are
made to simplify discussion and methematical modeling. The most common
assuitption is that the combustion zone is thin compared to the wave
length of the acoustic disturbance. A more stringent assumption is that
the transit time through the combustion zone is long compared to a period
of oscillation, While this latter assumption has been widely used in com=-
bustion perturbation theory, it is clearly violated at frequencies below
a few hundred cycles per second. Some recent analytical and experimental
studievs have been directed at evaluation of the implications of this ques-
tion, partly to determine how much effect to expect on calculated values
of combustion response functions, and partly to determine how well our

"understanding” of the combustion conforms with the actual combustion
process,

In the present stnudies, an analytical representation of the oscilla-
tory flow field outside the combustion zone was set up and coded for come-
puter. The analysis assumes that each element of gas behaves isentropi-
cally in the oscillatory flow field (no diffusion)., The combustion zone
is characterized as an oscillatory flow source with amplitude and phase
oscillations being pressure amplitude-dependent boundary parameters. The
frequency dependence of these parameters would have to be determined by
combustion~zone modeling or experiment, but are treated as parameters in
the computer program, The program provides for calculation of the oscil-
latory temperature field and streak lines in the region above the combus=-

tion zone; comparison with experimentally measured streak pictures is
shown in Fig. 4.1,
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FIG. 4,1, Comparison Between Computed Trajectories and
Actual Test Data. Both portions of the figure are on the
same scale, Coordinates of the computed part are in die
mensionless units of distance from the burning surface (x)
and time (1). Evenly spaced lines on the streak film are
one inch apart on the burner and the length of the film
represents 20'milliseconds, The relationship of the acous-
tic pressure to particle trajectories is illustrated sepa-
rately in the case of the computed results, while the
acoustic pressure appears as a light line on the photo-
graphic record, Computed trajectories are for particles
which left the ourning surface when the acoustic pressure
is a maximum, All trajectories start from a reference
plane, designated x, in the figure, (From Test No. 511k
at 4,00 seconds, Mean pressure is Th psia, acoustic pres=
sure amplitude is 15 psi pep, burner length 100.5 inches,
frequency 125 crs. Propellant contains 25% polyurethane

binder, 0.04% NaCl, remainder is 80p spherical ammonium
perchlorate,)
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The equations to be solved are expressed in nondimensional variables.,
They are:

p' = ¢, cos (nmx) cos (nmt + ¢) (4,1)
T; = 1$£ €, Ep cOS (nﬂxs) cos (¢ + B) (*.2)

= n]-- * - L]
Té T o {cos (nmx) cos (nmt + ¢) = cos (nwxs) cos ¥} (4.3)

where p' is the instantaneous acoustic pressure, T' is the fluctuation

of the gas temperature at a reference plane which fs a distance x_ from
the propellant, T' is the fluctuation of the gas temperature due o
acoustic pumping,gx is the displacement from the propellant surface, ¥

is the phase of the acoustic pressure at the time of emergence of a parti-
cle, B is tle phase between pressure and reference plane temperature, €

is the amplitude of the pressure fluctuation, and g, is a measure of th
isentropicity of the temperature-pressure relationsgip at x (eT = ] if
isentropic, = 0 if isothermal). s

The gas temperature fluctuation at any point in the flow is given
by

T = T! 4 Té (L.b4)

The above equations involve a space varisble "x" and a time variable "t"
vhich are related by the following equation:

x - €
Tohe+ ;E sin (nmx) sin (nmwt + ¢) (4.5)

where M is the dimensionless mean gas velocity, Solution of Eq. 4.5

provides the trajectory of a gas particle leaving the propellant surface
and also takes acoustic flow perturbations into account,

An outline of the digital computer program used to solve the above
set of equations appears in Appendix B. Eight dimensionless input parame
eters, derived from conditions prevailing at a particular time during an
experiment, are required for a set of solutions., Output data are in the
form of dimensionless parameters such as displacement of a gas element,
the acoustic pressure, temperature at the reference plane, gas temperature.
and total temperature ss functions of time and phase of emergence of the

gas element, A portion of a typical computer solution appears in Appen=
dix C.
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Comparison between computed trajectories and experimental data has
been made at several test conditions in the 5.5-inch diameter Teburner,
Gas motion in the burner was recorded using the special test section con-
taining a slit window and the streak camera in an experimental arrange-
ment that has been previously described (Ref, 2). Figure 4,1 shows a
comparison between computed results and streak camera data. The two-
portions of the figure are on the same scale, Comparison of the computed
trajectory with the experimental data indicates that the model describes
gas motion in the burner with reasonable accuracy.

The next phase of this study is to determine the ocscillatory tempera-
ture field and compare it with calculated fields. Ideally, the analytical
aspects of this effort would be accomplished by combining the flow field
analysis with a model of the combustion zone behavior, as was attempted
in Ref., 10, However, preliminary results suggest that available models
of the combustion zone dynamics are not realistic enough to provide argu-
ment with the experiments, and future work will involve an interlocked
development of theory and diagnostic experiments designed to identify the
requirements for a reslistic analytical model. Temperature measurements
will be made in the flow field and will be compared with temperature pre-
dicted for rarious models of the combustion zone to determine which seems
most applicable,
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Appendix A

NONACOUSTIC INSTABILITY DATA FOR A~167,
A=168, AND A-1TO PROPELLANTS
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TABLE A-1. Data Obtained With A-168 Propellant.

Burni Growth Dimensionless Real part
Run L*.in Freouency, Pres‘ure, l:;:ng constant, | Tk fr'g;‘:)ﬂcv wr, of the
no. cps psia in/sec sac-1 msec —_ fOSDOPSO

F2 function

1401 42.7 140 50.0 0.109 -3.0 210 1.351 0.18442 0.99
1402 241 220 520 110 1.18 2.089 16357
1402 280 210 54.5 A1 1.37 1.964 18140
1414 348 53.0 106.5 A17 1.7 4,395 .56901
141 45.3 57.0 131.0 128 2.22 3963 .79659
1422 3156 250 58.0 A1 1.65 2.306 .24295
1424 29.2 250 49.0 .108 1.43 2.437 22521
1463 30.3 15.0 41.0 101 12.7 1.49 1.675 14022 1.02
1463 35.2 13.0 43.0 104 73 1.73 1.387 14117 1.01
1464 418 100.0 51.0 .109 2.05 9.569
1464 42,5 80.0 54,0 110 13.9 2,09 7.501 1.03
1464 428 71.0 58.0 AN 1.1 2.10 6.548 93749 1.02
1464 43.3 60.0 58.0 A1 2.13 5.534 .80150
1464 45.5 52.0 720 112 223 |\ 4728 72992
1464 478 55.0 91.0 114 -13.2 2.35 4.812 81106 0.97
1464 48.2 66.0 88.0 113 -15.8 2,37 5.893 98142 096
1464 48.6 50.0 81.0 112 -379 2,39 4.519 .74967 0.91
1464 51.0 176 355 093 |, .. 2.50 2,343 27691
1465 244 60.0 133.0 129 57.6 1.20 4126 45221 1.07
1465 378 50.0 1435 135 1.86 3.151 .58354
1465 49.7 57.1 158.5 143 -20.9 244 3.180 .87620 0.95
1465 56.0 55.0 163.5 146 2.75 2946 .95020
1467 300 17.0 46.0 .106 169 1.47 1.721 .15734 1.02
1487 36.3 13.0 39.5 099 1.78 1510 .14558
1487 39.7 14.0 375 .096 1.95 1.731 17147
1488 480 13.0 385 098 2.36 1.556 .19251
1488 49.4 110 435 .104 243 1.162 .16764
1488 52.1 120 415 107 0.2 2.56 1.190 .19288 1.00
1488 620 110 445 .105 88 3.04 1141 .21040 1.03
1489 260 17.0 53.5 110 1.28 1.598 .13636
1490 41.6 15.0 445 105 204 1.556 .19251
1490 43.6 170 46.5 107 2.14 1.709 22866
1491 27.2 820 2105 .165 1.34 3.432 .68809
1491 375 770 2205 .166 1.84 3.183 .89081
1493 280 17.0 515 110 15.6 1.37 1.620 .14685 1.02
1493 320 140 48.5 .108 1.57 1.372 .13821
1494 48.2 14.0 440 .105 w ] 237 1.465 20818
1494 55.0 14.0 475 .107 13.2 2.70 1.389 .23755 1.04
1495 225 230 625 112 1.10 2.102 .15965
1495 29.2 270 65,5 a1 1.43 2613 24323
1496 30.5 210 545 A1 15.4 1.650 1.964 .19760 1.02
1497 |  50.0 14.0 45,5 .106 3.7 245 1.428 21595 1.01
1497 53.9 15.0 45.5 .106 —8.5 2.65 1.630 .24943 0.98
1497 56.2 140 475 107 2,76 1.389 .24273
1498 13.9 235 415 .102 0.68 2,592 .10077
1498 247 17.4 49.5 .109 1.21 1.688 .132569
1498 31.0 20.0 495 109 152 1.940 19127
1500 19.6 750 96.5 115 0.96 6.522 45350
1500 234 69.2 100.5 118 246 1.15 6917 49956 1.03
1500 29.1 55.5 108.5 0.118 28 1.43 4,552 0.49825 1.00
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TABLE A-1. (Contd.).

h Dimensioniess Real part
Run P Frequency, | Pressure, Burning Growt Teh frequency of the
L*, in R rate constant, arw wre
no. cps psia in/sec sec-1 msec __:_t_ respo.nse
r2 function
1500 37.7 60.0 153.0 0.140 ~-118 1.85 3.494 0.69784 0.98
1500 41.6 €609 1440 .136 204 3.822 .78158
1600 45.0 63.2 158.0 143 -54,7 2.21 3.634 87739 0.88
1501 228 80.0 160.5 144 56.1 1.12 4.386 56271 1.06
1501 24,6 70.6 1615 145 50.9 1.21 3.840 .563580 1.06
1501 26.4 66.6 165.0 .147 52.2 1.30 3.527 54243 1.07
1501 299 65.6 161.5 145 37.0 1.47 3.568 60511 1.05
1501 339 60.4 163.5 140 1.66 3.503 63168
1501 379 61.5 163.5 146 -17.1 1.86 3.294 71908 0.97
1501 458 65.6 158.5 143 2,25 3.654 92690
1502 60.0 75.0 2265 .166 295 3.102
1503 158 364 63.5 110 0.78 3.423 17743
1503 214 348 55.5 AN 1.05 3.239 22975
1503 320 30.0 54,0 .110 15.7 1.57 2813 29616 1.02
1504 251 27.3 53.5 .110 1.23 2,567 21140
1504 273 272 54.5 an 1.34 2,544 22908
1504 25.3 294 574 A1 1.24 217 22929
1504 274 294 574 0.111 1.34 2717 0.24834
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TABLE A-2. Data Obtained With A-170 Propellant.

Burning Growth Dimensionless Real part
Run L* in Frequency, | Pressure, rate constant Tohs frequency wr of the
no. ‘ cps psia . 3 | msec apw ¢ response
in/sec sec Tz function
3 1364 | 28.7 20.0 38.3 0.068 25.1 1.41 4879 0.17708 1.04
E 1364 | 316 170 37.6 067 15.5 1.556 4.267 .16573 1.02
3 1364 | 37.2 200 337 062 -4.3 1.83 6.014 22953 0.99
3 1369 | 24.3 16,0 40.7 072 11.9 1.19 3.343 .11245 1.01
1369 | 305 15.0 44.2 076 -09 1.50 2.991 14114 1.00
1404 | 350 18.0 47.0 079 -1.1 1.72 3.334 .19436 1.00
1404 | 415 200 48.0 080 -22,0 2,04 3618 ,26606 056
1512 | 23.1 250 39.3 070 7.3 1.13 5.864 17816 1.01
4 1512 | 265 22.6 40.2 on 1.30 5.127 18476
k- 1512 | 28.1 225 388 069 1.38 5.381 19505
3 1512 | 303 23.0 40.2 o7 1.49 5.218 .21500
e 1512 | 319 21.7 41.1 072 1.57 4.770 21356
3 1512 | 346 20.0 42,0 073 1.70 4.266 21349
3 1514 | 379 185 37.0 067 64 1.86 4.764 21631 1.01
3 1514 | 399 20.0 375 067 196 5.042 24619
1514 | 418 170 37.0 067 2.05 4377 21922
2 1514 | 433 17.9 379 068 213 4.438 23911
3 1514 | 457 178 37.9 068 -46 2.24 4.413 .25096 0.99
3 1514 | 506 18.2 375 067 248 4588 28411
. 1515 { 33.6 83.0 849 096 1.65 10.219 86036
3 1517 | 375 16.0 374 067 89 184 4,050 .18500 1.02
i 1517 | 388 158 40.2 071 1.3 191 3585 .18932 1.02 v
4 1517 | 433 15.2 40.7 072 6.7 2.13 3.388 20328 1.01
2 1517 | 44.6 15.6 40.7 072 2.19 3.477 21460
£ 1517 | 48.3 14.9 39.6 070 38 2.37 3.456 22198 1.01
! 1517 { 520 14.8 374 .067 —49 255 3.746 23743 0.99
3 16518 | 236 22.2 33.2 061 19.8 1.16 6.850 16163 1.02
; 1518 | 254 18.2 41.2 072 288 1.26 3987 .14262 104 *
2 1518 | 27.2 16.0 412 072 15.9 1.34 3.505 .13426 1.02
% . 1518 | 300 269 33.0 061 5.4 1.47 8.076 23971 1.01
3 1518 | 350 25,0 28.5 053 -58 1.72 10,099 26994 0.99
E 1619 | 599 15.8 374 067 39 2.94 4.000 29178 1.01
} 1519 | 62.2 16.0 40.7 072 -3.2 3.05 3.566 .30707 0.99
3 1519 | 66.9 15.8 36.3 066 -8.3 3.28 4,196 32610 0.97
-. 1521 | 49.3 21.0 418 073 242 4.508 31927
; 1521 | 522 16.2 45.7 077 256 3.100 20051
3 1522 | 22.6 20.3 a8 073 23.3 1.11 6.290 .20429 1.03
E 1622 | 24.4 20.0 46.3 078 17.0 1,20 3.769 .15055 1.02
i 1522 | 275 19.2 46.3 078 16.8 1.35 3.618 .16289 1.02
} 1522 | 32.1 17.0 474 079 120 1.58 3.118 .16835 1.02
g 1522 | 354 17.7 474 079 7.2 1.74 3.247 .19330 1.01
) 1522 | 37.7 12.7 385 069 11.2 185 4.283 .20586 1.02
3 1523 | 274 16.1 42.4 074 36 135 3.390 .13609 1.00
4 1523 | 304 132 45.2 077 149 2560 12380
4 1523 | 364 135 47.4 079 1.79 2.476 15160
: 1524 | 26.0 19.0 70.3 092 14.2 1.28 2.561 .16240 1.02
4 1524 | 28.0 200 66.7 091 16.2 1.37 2.774 17276 1.02
E 1524 | 31.2 18.0 68.5 091 10.1 153 2.460 17326 1.02
E 1524 | 327 180 66.7 091 137 1.61 2.497 .18159 1.02
1524 | 34.7 20,0 68.5 0.091 -9.9 1.70 2.734 0.21410 0.98 .
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TABLE A-2. (Contd.).
, Dimensioniess Real part
Run L Frequency, | Fressure, Burning Growth Teohe frequency of the
,in R rate constant, wr,
no. cps psia in/sec sec-1 msec i&{ respopse
72 function
1524 36.2 200 68.5 0.091 -8.5 1.78 2734 0.22336 0.99
1524 411 16.0 61.3 .088 15.2 2,02 2.338 20287 1.03
1524 421 20.0 523 083 -9.8 2.07 3.316 .25976 0.98
1525 46.2 19.0 49.0 080 2.27 3.361 .27081
1525 51.7 16.0 49.0 .080 -69 254 2,830 25520 0.98
1525 609 19.0 49.0 080 299 3.361 35697
1526 438 15.0 441 076 6.2 2,15 3.000 .20269 1.01
1526 48.0 17.0 41 076 95 2,36 3.400 25174 1.02
1526 49.7 12.0 485 .080 244 2.146 .18399
1526 51.1 13.0 475 079 5.3 2,51 2379 20494 1.01
1526 53.3 15.0 45.2 077 2,62 2909 .24665
1526 55.7 13.0 474 079 -2.3 2,73 2,385 22339 0.99
1568 26.0 35.7 203.5 142 1.28 2021 .28635
1568 32.7 400 1770 130 10.1 1.61 2.696 .40352 1.02
1568 395 475 147.0 117 1.94 3973 57883
1568 405 51.0 128.5 110 1.99 4.856 63722
1568 48.2 250 2125 146 2.37 1.344 37175
1569 48,2 25,0 2125 146 2.37 1.344 37175
1570 216 —-0.0 106.5 102 1.06 0.000 .00000
1570 249 68.0 108.0 .103 1.22 7.370 52236
1570 29,0 -0.0 11756 .106 1.42 0.000 00000
1570 340 52,5 121.5 107 1.67 5.236 .55068
1571 430 51.8 1235 .108 2.1 6,099 .68716
1572 8f.4 10.0 375 067 4.24 2,521 .26655
1572 97.0 12,0 36.5 066 4,76 3.168 35910
1572 | 100.5 10.0 24.5 047 4,93 5.188 31005
1573 64.3 145 380 068 3.16 3.580 28763
1573 68.8 14.3 38.0 .068 3.38 3.5631 30352
1573 734 13.9 40.0 071 3.60 3.177 31476
1677 184 740 740 0.093 0.90 9,720 0.42006
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TABLE A-3. Data Obtained With A-167 Propellant,

Dimensionless Real part
Run |, . | Freauency, | Pressure, B::r;;ng ci:;mt: Tehe frequency wr of the
no. ' cps psia infsec soc-1 ' | msec 4w ¢ response

72 function

1353 315 710 111.2 0.144 384 1.55 3921 0.68997 1.06
1353 33.9 53.0 1274 155 51.0 1.66 2535 .56429 1.08
1353 41.3 60.0 128.2 165 —45.5 2.03 2.850 .76448 0.91
1353 49.6 50.0 98.2 136 244 3.086 .76509
1354 25,6 440 726 123 422 1.26 3.308 .34750 1.05
1354 26.7 330 710 123 53.6 1.31 2511 27182 1.07
1354 284 38.0 70.2 122 51.8 1.39 2909 .33294 1.07
1354 29.6 330 66.9 A21 46.1 1.45 2,593 30138 1.07
1354 315 330 67.7 A 31.2 1.55 2576 .32069 1.06
1354 340 310 66.9 21 34.7 1.67 2,436 32516 1.06
135(}% 35.0 26.0 69.3 122 34.4 1.72 2,004 28074 1.06
1354 415 320 64.5 119 -56.3 2.04 2.564 40969 099
1355 23.0 300 48.1 109 16.9 1.13 2.897 21287 1.02
1365 239 28,0 621 112 34.7 1.17 2550 .20645 1.04
1355 246 29.0 570 115 19.6 1.21 2493 22009 1.02
13565 253 230 652.1 112 214 1.24 2641 22635 1.03
1355 25.7 290 619 .118 229 1.26 2377 .22993 1.03
1355 266 250 56.2 1186 145 1.31 2,168 .20516 1.02
1355 273 270 57.0 115 514 1.34 2321 22740 1.07
1355 280 290 678 116 17.9 1.37 2472 25051 1.02
1365 285 25.0 59.5 117 154 145 2.095 22752 1.02
1355 314 220 59.56 117 455 1.54 1.844 21312 1.07
1365 329 250 66.0 120 106 1.62 1978 25375 1.02
1355 348 25.0 69.5 417 19.0 1.71 2095 .26840 1.03
1385 39.0 250 53.8 113 -23 1.91 2,228 .30079 1.00
1356 465 220 56.5 114 6.9 228 1.922 31560 1.02
1366 544 200 60.3 A17 -2.2 267 1.663 .33565 0.99
1362 255 210 49.7 110 10.2 1.25 1978 .16520 1.01
1362 327 200 49.7 110 -1.6 1.61 1.884 20176 1.00
1372 50.4 170 435 104 10.6 247 1.787 26433 1.03
1375 213 25.0 385 .098 9.0 1.34 2963 21055 1.01
1375 296 270 67.0 418 265 1.45 2321 24656 1.04
1375 32,2 290 68.5 .116 30.3 1.58 2454 .28808 1.05
1375 36.0 250 61.5 118 19.6 1.77 2.056 27765 1.03
1376 46.2 18.0 430 104 170 2,27 1912 .25655 1.04
1376 63.0 20.0 65.5 114 17.0 2,60 1.748 32702 1.04
1379 246 220 57.5 116 . 1.21 1.881 .16696
1379 26.2 25.0 65.5 114 1.29 2.184 20207
1379 278 25.0 58.5 116 1.36 2,116 21441
1378 30.0 30.0 63.5 413 1.47 2.684 27765
1379 318 220 495 110 1.66 2,079 21683
1379 |, 336 260 67.5 116 248 1.65 2,223 .26951 1.04
1379 36.7 26.0 62.0 118 1.80 2129 29438
1380 178 47.0 735 A24 0.87 3510 25810
1380 20.2 330 77.5 126 o 0.99 2.392 20565
1380 239 440 78.5 126 34.7 117 3.166 32442 1.04
1380 278 380 72.0 123 275 1.36 2.870 .32590 1.04
1381 245 370 74,5 124 1.20 2.743 .27966
1381 277 40,0 715 123 389 1.36 3.032 34182 1.056
1381 329 40.0 76.5 0.125 226 1.62 2921 0.40598 1.04
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TABLE A-3. (Contd.). i
Burning Growth Dimensionless Real part H
' f th
Run L*,in Frequency, Pre;ure, rate constant, Teh frequency wr, of the
no. cps psia inf -1 msec aw response
in/sec sec ) function
1381 43.0 27.0 63.5 0.119 131 2.1 2.182 0.35817 1.03
1382 25.2 50.0 80.0 127 52.0 1.24 3.558 .38872 1.06
1382 35.0 450 83.0 128 38.5 1.72 3.131 48590 1.07 X
1383 308 40.0 85.5 129 1.61 2.731 .38008 M
1383 38.0 400 84.5 129 1.87 2.752 46893 ;
1384 16.8 60.0 93.5 134 0.82 3.848 .31097 : !
1384 18.3 66.0 93.5 134 374 090 4,232 37261 1.03 § i
1384 19.3 100.0 116.0 147 C e 095 5.293 59541 ?
1384 220 66.0 98.0 136 1.08 4.080 44795
1384 243 68.0 97.0 135 220 1.19 4239 50977 1.03 z
1384 26.0 87.0 1165 147 1.28 4584 .69784 !
1384 320 50.0 89.0 131 157 3.323 49361 )
1384 344 36.0 84.0 129 1.69 2486 38205 ,
1386 35.8 86.0 134.0 169 1.76 3.883 94983 §
1386 271 88.0 141.0 .164 1.33 3.744 735672 ;
1386 295 720 1315 157 49.7 145 3.322 65526 1.07
1386 315 100.0 128.0 .155 214 1.55 4.758 97179 1.03 !
1386 335 67.0 1185 149 26.2 1.64 3.468 69244 1.04 i
1450 | 219 330 68.0 az1 1.08 2570 22296 !
1450 23.7 35.0 68.0 121 424 1.16 2.726 .25590 1.05 f
v 1450 258 330 65.0 120 220 1.27 2.633 26266 1.03 i
1450 28.3 320 65.0 120 223 1.39 2.553 27938 1.03 ;
1450 36.0 270 63.0 119 291 1.77 2.191 29987 1.05 H
1451 445 27.3 68.5 116 19.0 2.18 2311 37479 1.04 ;
. 1451 55.0 200 59.5 17 14.8 2.70 1676 33936 1.04
1454 29.7 200 60.0 A117 146 1.668 .18325
1454 36.3 24,0 610 118 226 1.78 1.983 .26877 1.04
1454 45.0 200 63.0 119 15.8 221 1.623 27765 1.04
1455 240 375 58.5 116 1.18 3.174 27765
1455 254 28.6 63.5 119 189 1.25 2.311 22411 1.02
1455 276 300 69.5 122 34.7 136 2.309 25544 1.05 . §
1455 31.3 375 75.5 125 270 1.54 2.759 36211 1.04 i
1455 39.0 323 74.5 124 11.3 1.91 2.394 38862 1.02 N
1456 210 54.0 119.0 149 14.0 1.03 2,783 34984 1.01
1456 214 520 1230 152 1.05 2.586 34330
1456 25.7 55.0 125.0 .1563 17.0 1.26 2.687 43607 1.02 .
1456 30.0 50.0 1270 154 1.47 2.400 46276 e
1456 31.1 54,0 128.0 .165 1.83 2.569 51810
1456 34.3 54.0 128.0 156 1.68 2.569 57141
1457 323 80.0 148.0 .169 ' 159 3.216 79718
1457 34.3 77.0 143.0 165 103 3.222 81479
1457 36.2 73.0 1430 165 1.3 3.055 81526
1457 38.2 66.0 1430 .165 1.88 2.762 77780
1457 40.1 57.0 143.0 165 1.97 2.385 705615
1467 46.1 68.0 148.0 169 16.1 2.26 2.331 .82488 1.04
1468 16.5 40.0 63.5 119 23.7 0.81 3.232 20361 1.02
1468 17.9 364 725 123 18.3 0.88 2.739 20135 1.02 P
1468 19.6 375 785 126 230 096 2.698 22733 1.02 "
1468 241 474 795 27 222 1.18 3.386 35198 1.03 N
" 1468 360 528 935 0.134 1.77 3.386 0.58641
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TABLE A-3. (Contd.).

Burning Growth Dimensionless Real part
Run |, ., |Frequency, | Pressure, rate constant Tehe frequency wr of the
no. ’ cps psia . -1 | msec aw ¢ response

in/sec sec r2 function

1470 227 720.0 163.5 0.178 1.1 25.869
1470 248 133.0 138.5 .162 1.22 5.778
1470 | 27.8 200.0 168.5 . 181 24.7 1.36 6.965 1.03
1470 | 410 200.0 193.5 AN 1221 2,01 6.239 1.25
1471 32.6 712 138.5 .162 34.7 1.60 3.376 0.78073 1.06
1471 37.1 733 136.5 161 1.82 3.229 .83805
147 39.6 66.6 132.5 158 7.8 195 3.046 .81446 1.02
147 414 67.5 1325 .158 -16.6 2.03 3.087 86128 0.97
1471 43.1 675 1285 1585 2,12 3.198 89731
147 56.0 725 1255 .163 2,75 3.627
1472 284 100.0 123.5 .162 45.6 1.39 4.951 87615 1.06
1472 33.2 100.0 131.5 .157 1.63 4.614
1472 | 38.0 100.0 1335 .159 1.87 4534
1473 31.0 67.5 98.5 136 278 1.62 4.156 .64555 1.04
1473 | 334 786 135.5 160 35.1 1.63 3.503 80263 1.05
1473 375 70.0 105.5 140 1.84 4,062 .81091
1473 51.0 54.5 915 132 250 3.561 85749
1474 18.6 88.2 94.5 134 091 6.611 .50284
1474 203 90.3 94.5 134 44.0 1.00 5.782 .56843 1.04
1474 210 83.3 1015 138 35.6 1.03 5.001 .54095 1.04
1474 221 90.9 101.5 138 410 1.09 5.458 .62059 1.04
1474 235 84,2 106.5 a41 67.2 1.15 4.844 61018 1.08
1474 25.1 833 106.5 RE) 372 1.23 4,792 64555 1.05
1474 35.0 53.3 835 128 1.72 3.694 57552
1480 14.0 40.0 65.5 120 0.69 3.179 17326
1480 21.7 53.3 68.5 a21 52,0 1.07 4,135 .35731 1.06
1480 255 63.2 735 124 40.2 1.25 4,720 49719 1.06
1481 221 28.6 56.6 115 1.09 2472 .19499
1481 245 45.5 63.5 119 42.7 1.20 3.677 .34391 1.056
1481 283 514 735 124 468 1.39 3.838 .44876 1.07
1481 350 34.0 69.5 122 26.0 1.72 2617 .36712 1.04
1482 380 200 485 .109 52.8 1.87 1.919 .23446 1.10
1482 | 428 222 56.5 A16 1.4 2.10 1918 29313 1.02
1482 4.1 278 59.0 A17 231 2.341 .40395
1482 52.0 235 56.5 115 138 2,55 2,031 .37699 1.04
1483 29.2 220 375 097 1.43 2.682 .19818
1483 310 210 36.5 .095 1.62 2.636 .20084
1486 370 750 1315 167 14.0 1.82 3.461 .85610 1.03
1486 39.0 70.0 128.5 .165 1.91 3.316 .84222
1486 1.0 720 1385 162 .| —-259 2.01 3.128 91071 0.95
1486 | 430 70.0 143.5 .166 211 2917 0.92860
1486 47.0 75.0 153.5 0.172 231 2.890
28
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